Background Motion artifacts pose significant problems for the acquisition of MR images in pediatric populations. Objective To evaluate temporal motion metrics in MRI scanners and their effect on image quality in pediatric populations in neuroimaging studies. Materials and methods We report results from a large pediatric brain imaging study that shows the effect of motion on MRI quality. We measured motion metrics in 82 pediatric patients, mean age 13.4 years, in a T1-weighted brain MRI scan. As a result of technical difficulties, 5 scans were not included in the subsequent analyses. A radiologist graded the images using a 4-point scale ranging from clinically nondiagnostic because of motion artifacts to no motion artifacts. We used these grades to correlate motion parameters such as maximum motion, mean displacement from a reference point, and motion-free time with image quality. Results Our results show that both motion-free time (as a ratio of total scan time) and average displacement from a position at a fixed time (when the center of k-space was acquired) were highly correlated with image quality, whereas maximum displacement was not as good a predictor. Among the 77 patients whose motion was measured successfully, 17 had average displacements of greater than 0.5 mm, and 11 of those (14.3%) resulted in non-diagnostic images. Similarly, 14 patients (18.2%) had less than 90% motion-free time, which also resulted in non-diagnostic images. Conclusion We report results from a large pediatric study to show how children and young adults move in the MRI scanner and the effect that this motion has on image quality. The results will help the motion-correction community in better understanding motion patterns in pediatric populations and how these patterns affect MR image quality.
Introduction
Motion is the most prevalent MRI artifact that results in nondiagnostic brain scans, especially in pediatric populations. In current clinical practice, most young children are either sedated or anesthetized in order to have a successful imaging session. However concern has been raised about possible longterm adverse effects resulting from sedation and anesthesia [1] [2] [3] [4] . For example, a recent report stated that 8.6% of all children under sedation/anesthesia experienced an adverse event, most of which were minor, and 57.7% of those events occurred during MRI scans, more often than any other ordered procedure [5] . In view of studies such as this, there is an increasing need to develop techniques for motion-robust MRI in young patients to help avoid using sedation in these patients. In some cases where sedation is not possible because of a child's health condition, CT is used, but CT includes radiation exposure and has poor contrast in the brain. The need for sedation also limits the use of MRI in pediatric research studies because sedation and anesthesia are generally considered to present greater than minimal risk to subjects.
Although motion is a known source of artifacts in pediatric MRI, in clinical practice many scans containing motion artifacts are still used for routine evaluation and diagnosis. Because some of these studies are accepted as diagnostic and some are not, it's very important to understand what types of motion lead to acceptable images and which types do not. The purpose of this study was to better understand what patterns of motion lead to pediatric brain MRI scans with diagnostic images. To study this, we prospectively measured motion in 82 T1-weighted pediatric brain scans with electromagnetic motion trackers in real time and retrospectively performed a blind radiologic evaluation of the quality of each scan's images. We computed several metrics from the motion measurements that summarized the statistics of motion in each scan, and we evaluated the relationship between those statistics and the radiologic evaluations.
Certain aspects of the problem of motion have been studied extensively. For example, numerous approaches have been published on the topic of motion correction in MRI [6] [7] [8] [9] [10] [11] [12] [13] , such as PROPELLER (Periodically Rotated Overlapping Parallel Lines with Enhanced Reconstruction) [11] . Some of these methods, such as navigators and PROPELLER, are used in clinical practice, but none completely eliminates this source of artifacts in widespread clinical practice. Some studies have shown the effects of motion in functional MRI [14, 15] and diffusion tensor imaging [16] and in volumetric studies [17] . Although these are interesting studies showing how motion can create artifacts in brain function and structure analysis, they do not answer how much and what types of motion are expected in a pediatric population. Such statistics would be helpful in motion-correction literature to establish thresholds in guiding motion correction. They also might be used to help identify non-diagnostic scans before the acquisition is completed. The goal of this paper is to contribute our findings in this area to help elucidate how these different aspects of motion affect everyday radiology practice.
Materials and methods

Patient population
The study was performed at our hospital from January 2015 to September 2015. The institutional review board approved this study and waived the need for informed consent. A total of 82 pediatric patients (38 males, 44 females) were successively recruited from the outpatient facility and were scanned while real-time motion measurements were recorded. Mean age of the group was 13.4 years, with a minimum of 5 years and a maximum of 24 years. Patients were selected from those who required a brain screen study and were cleared to be scanned without sedation or anesthesia. Clearance was done by a verbal evaluation by a nursing team and was based on the ability to follow instructions. Five scans were removed from the study because of technical problems with the motion measurement system, i.e. the system reported errors or we encountered difficulties with sensor placement. This resulted in a cohort of 77 patients (35 males, 42 females), with a mean age of 13.3 years and standard deviation of 4.1 years.
Motion measurement system
Motion was measured using an electromagnetic tracker [18] developed by Robin Medical Inc. (Baltimore, MD). The tracker had two sensors, which were attached to the tracking system by wires that were placed on subjects' foreheads and whose locations and orientations were recorded in real time. We used a modified T1-weighted 3-D gradient recalled echo (GRE) sequence as our test sequence. The product sequence was modified to include short-and low-amplitude bipolar gradients in the x-y-z axes after each radiofrequency pulse. The sensors used these gradients to measure the changes in the magnetic field and estimate motion parameters. At each point where an activation gradient was played out, the system reported three parameters defining the x-y-z position for each sensor, relative to the isocenter of the magnet, and two additional vectors defining the orientation of the sensor in 3-D space. Under the assumption of rigid body motion, the distance between the two sensors should remain constant, and therefore this was used as a measure of error in the system or to detect detached sensors. The other components of the motion tracking system were located in the scanner room, where all data were processed, recorded and communicated to a user interface showing tracking results in real time. We found that the tracking system had an accuracy of +/− 0.1 mm in prior phantom experiments. For this work we defined displacement as the 3-D vector between two positions, calculated as the Euclidean distance for each sensor and reported as the mean displacement of the two sensors.
MR image acquisition
The study was done on a 3-T TRIO scanner (Siemens Healthcare, Erlangen, Germany). A 32-channel head coil was used and padding was placed between each subject's head and coil to reduce motion, as is typically done in clinical practice. Each patient was first scanned with a standard clinical brain screen protocol consisting of a T1-weighted magnetization-prepared rapid gradient echo (MP-RAGE) sequence, a T2-weighted fast spin echo (FSE) sequence, a T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence and a 30-direction diffusion-weighted scan. The motion-tracked T1-weighted 3-D GRE sequence was acquired after these sequences. Sequence parameters for this scan were echo time/repetition time (TE/TR) 2.93/15 ms, flip angle 20°, with a 1-mm isotropic resolution. Field of view was 220 mm with a matrix size of 220, and parallel imaging was used with an acceleration factor of 2. This scan was acquired in the same sagittal orientation as the MP-RAGE sequence and the phaseencoding direction was anterior-posterior. The scan time for the motion-tracked sequence was the same as that of the MP-RAGE sequence, 5 min 40 s. The total scan time of the study was 30-45 min.
Data acquisition and analysis
All motion measurement data and MR images were analyzed retrospectively. We used three criteria to characterize motion: maximum displacement from a reference position, mean displacement from a reference position, and motion-free time. The reference position for each scan was set as the position when the center of k-space was acquired, which happens in the middle of the scan. This choice resulted in a larger weighting for motion that happened near the acquisition of the center of k-space. This reference position was chosen because motion that happens during the acquisition of low frequencies in k-space generates larger motion artifacts. Motionfree time was defined as the percentage of the scan duration for which the position was less than 0.2-mm from the reference position. Additionally, the age and gender of each patient were noted and used for analysis of the effect of these parameters on the motion statistics. The sample size led us to divide patients into 3 age groups: (1) younger than 10 years, (2) 10-16 years and (3) older than 16 years.
Radiologic evaluation
A radiologist with more than 15 years of experience graded the scans according to the severity of their motion artifacts, using a Likert scale [19] of 1 to 4: (1) images contain severe motion artifacts and cannot be used for diagnosis, (2) images contain motion artifacts but can be used for gross diagnostic implications, (3) images contain some motion artifacts and can be used for diagnostic purposes and (4) images do not contain visible motion artifacts. We used these grades to classify what kind of motion patterns might result in nondiagnostic images.
Statistical analysis
For each motion metric, we applied a statistical test to determine whether the metric correlates with the radiologic evaluation grade and calculated a P-value to find out whether it is statistically significant. Also we applied a Student's t-test to gender and age data to determine whether the difference in motion parameters is statistically different between these groups. We also calculated the 25th and 75th percentiles of each motion measurement for each motion grade and age group, and also the 95% confidence intervals.
Results
Representative images from each grade category are shown in sagittal, axial and coronal views in Fig. 1 . Figure 2 shows motion measurements corresponding to the cases from Fig. 1 , with different motion grades from 1 (top) to 4 (bottom). The y-axis shows the sensor displacement from the reference position for the whole scan, whose duration was 5 min 40 s. The x-axis shows the time sample index. In this particular sequence, the number of time samples was equal to the number of radiofrequency pulses in the sequence because the sequence had extra gradients that were played out after each radiofrequency pulse. Therefore the sampling period was equal to a repetition time of 15 ms. Figure 3 summarizes our findings about the relationship between the motion criteria and the motion artifact grades. The median motion-free times, as a ratio of total scan duration
Finally, the median of maximum displacements from the reference point were 3.7 mm for grade 1, 2.01 mm for grade 2, 1.15 mm for grade 3 and 0.81 mm for grade 4. The average displacements and motion-free times showed higher correlation (Pearson correlation coefficient of 0.77 and 0.75) with the radiologic evaluation and were statistically significant (P < 0.001 for each metric), whereas maximum displacements showed lower correlation (Pearson correlation coefficient of 0.59) and were not statistically significant (P = 0.31). Median, standard deviation and number of subjects for each grade can be found in Table 1 . Figure 4 summarizes the relationship between the age of the subjects and their motion statistics. The median motionfree time ratio was 0.96 for group 1 (ages <10), 0.98 for group 2 (ages 11-16) and 0.99 for group 3 (ages >16). Median ages for each group were 7.8 years, 13.1 years and 17.2 years. The median of the mean displacements for the same groups were 0.43 mm for the youngest group, 0.34 mm for the middle group and 0.31 mm for the oldest group. The medians of the maximum displacements for these groups were 1.19 mm for the youngest, 0.82 mm for the middle and 1.11 mm for the oldest. None of the metrics showed a significant correlation with the age groups: Pvalue was 0.1 for motion-free time ratio, 0.07 for mean displacement and 0.5 for maximum displacement. Median, standard deviation and number of subjects for each age group can be found in Table 2 .
In Table 3 we report the relationship between the gender of the subjects and their motion statistics. For males (n = 35), the mean ratio for motion-free time was 0.88, the average of the mean displacement was 0.54 mm and the average of the maximum displacement was 1.52 mm, whereas for females (n = 42) the mean parameters were 0.92, 0.42 mm and 1.29 mm, respectively. Among all three metrics, motion-free time was statistically different between males and females, with a P-value of 0.04; mean displacement (P = 0.12) and maximum displacement (P = 0.31) were not.
Discussion
Our results show that it is possible to compute motion statistics that are highly correlated with an expert's radiologic evaluation of motion artifact. Specifically, we found that the maximum displacement, mean displacement and ratio of motion-free time were each correlated with image quality. In our study, mean displacement and motion-free time were especially correlated with motion grade. Surprisingly, maximum displacement was less correlated with the motion grade than were the other two statistics. We found that very large motions (maximum displacements >3 mm) result in non-diagnostic images, but in scans with smaller motions the motion-free time and mean displacement were better indicators of the presence of motion artifacts in the resulting images. This contradicts the popular belief that the smaller head size of children, as compared to adults, is what results in more room to move within a head coil, and hence larger motion. We did not find any statistically significant correlation between largest motion and age. In our study, the higher correlation with motion-free time and mean displacement suggests that it is more important to consider how much and how often the subject moves throughout the scan, because it may not be practical to design head coils or restraints that can sufficiently limit the maximum displacement (e.g., <1.7 mm). Moreover, these results underscore the importance of training and 13-year-old boy) to right (4, meaning no visible motion artifacts, here in a 17-year-old boy). Image grades corresponding to 2 and 3 were from a 14-year-old boy and a 16-year-old girl monitoring children in pediatric MRI, as well as the need for more robust image acquisition and motion-correction strategies to increase motion-free time and therefore improve image quality.
As expected, the younger children in our study moved more than the older ones. The difference was not as large as expected, most likely because the younger children in this study were cleared by staff to be scanned without sedation or anesthesia, which means that they were screened and then judged to be able to comply with instructions. It should also be noted that even though our population consists of cooperative kids, they still moved on average nearly half a voxel (average of mean displacements = 0.47 mm) during a scan. Previous studies on motion correction reported that any motion bigger than a fraction of a voxel could cause motion artifacts [20] . This result shows that motion might be a major problem even for older and more cooperative pediatric populations, and certainly for younger ones.
Among the 77 patients for whom motion was measured successfully, 17 had average displacements larger than 0.5 mm, and this resulted in non-diagnostic images in 11 (14.3%). Similarly, 14 patients had a ratio of less than 0.9 motion-free time, which also led to non-diagnostic images. It should also be noted that the reason the scan was ordered for a particular patient is also an important factor in identifying whether the scan needs to be repeated.
For a routine brain screening study, scans with grades 1 and 2 would need to be repeated (14.3%), whereas in studies ordered to look for potentially more subtle abnormalities (e.g., focal cortical dysplasia), grades 1, 2 and 3 would all require repeating. In our study, this means that 35% of scans would need to be repeated, increasing total study costs, increasing patient risks, and decreasing patient comfort.
Our study has implications for ongoing research on motion correction. Our results show that only 7% of the patients had motion-free time ratios less than 0.6. And in most cases motion was found to be continuous in small periods followed by periods where the subject stayed still. This implies that a method that acquires small segments of data and then corrects for the motion occurring in between acquisitions of these small segments might be a good strategy for reducing motion artifacts in the pediatric age group [21, 22] . In general, the importance of motion-free time uncovered by our study suggests that there is a need for new image-acquisition and motioncorrection strategies that are specifically designed to increase motion-free time [23] .
Another interesting finding was the difference between genders. Overall we found that females move less than males, both in terms of duration and magnitude of motion. This result is in agreement with previous literature on the subject [24] . A larger and more comprehensive study would be required to conclude this result. The electromagnetic tracker we used provided motion measurements with both high accuracy and frequency. Because of the system's low sampling period (15 ms), we were able to capture even very fast subject motions in the scanner. Two sensors were used simultaneously to identify potential problems with sensor displacement during the scan. A potential limitation of our motion measurement approach could be the sensor placement issues. The sensors were attached either to the skin of the patients or to the video goggles that they were wearing. In both cases, there is the potential for small additional motions of the sensor that do not correspond to actual head motions. Nevertheless, our results suggest that the statistics we computed were robust to this source of noise.
Our study had certain limitations. It should be noted that this study was performed using a 3-D sequence, a common practice at our hospital. Although this sequence was acquired in the sagittal plane, in terms of motion measurement and artifacts, we don't expect any differences as long as the phase-encoding direction is the same. If the phaseencoding direction is changed, then motion artifacts will occur more frequently in the new direction because this direction is acquired more slowly than the other two directions. Motion artifacts might be different with 2-D sequences, especially for the 2-D single-shot sequences typically used in functional MRI and diffusion-weighted MRI. These types of studies might have additional factors to consider, such as signal loss from intra-slice motion and also the availability of inter-slice motion-correction strategies Table 1 The relationship between motion statistics and the radiologic evaluation reported as median ± standard deviation such as image-registration methods. Two-dimensional sequences might also be affected more by spin-history artifacts. These topics could be addressed in a future study. This study was done on a 3-T scanner, but we expect the results would be same on a 1.5-T scanner with the assumption that the spatial resolution is the same. Also, because most children younger than 6 years are sedated for MRI scans at our hospital, most children in this study were ages 7-18 years. Children younger than 7 years old have different cognitive function from teenagers, so some of the conclusions cannot be generalized for younger children. It should also be noted that using video goggles is a common practice at our hospital and it might have reduced the amount of motion compared to a setup where no visual stimuli is used.
Conclusion
In this work we report results from a large pediatric study to investigate how children move in the MRI scanner and the effects this motion has on image quality. The results will help the motion-correction community in better understanding motion patterns in pediatric populations and how these patterns affect image quality. Our results might also be beneficial to guide clinical practice by establishing thresholds on motion metrics that would result in nondiagnostic images. With real-time motion measurements and thresholds on motion metrics, it would be possible to stop a scan in the middle of an acquisition expected to result in a non-diagnostic image and provide feedback to the children before starting a re-acquisition. This might save half of the scan time for each scan that would have been corrupted if fully acquired. Table 3 The relationship between motion statistics and subject gender, which shows that on average, females (n = 42) moved less than males 
